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Abstract

Objective: The purpose of the study was to determine the extent and role of

systemic hypoxia in the pathogenesis of spinal muscular atrophy (SMA). Meth-

ods: Hypoxia was assayed in vivo in early-symptomatic (postnatal day 5) SMA-

model mice by pimonidazole and [18F]-Fluoroazomycin arabinoside injections,

which accumulate in hypoxic cells, followed by immunohistochemistry and tra-

cer biodistribution evaluation. Glucose uptake in hypoxic cells was assayed by

[18F]-Fluorodeoxyglucose labeling. In vitro knockdown of Survival Motor Neu-

ron (SMN) was performed on motor neurons and lactate metabolism measured

biochemically, whereas cell cycle progression and cell death were assayed by

flow cytometry. Results: All assays found significant levels of hypoxia in multi-

ple organ systems in early symptomatic SMA mouse pups, except aerated tis-

sues such as skin and lungs. This was accompanied by significantly increased

glucose uptake in many affected organs, consistent with a metabolic hypoxia

response. SMN protein levels were shown to vary widely between motor neuron

precursors in vitro, and those with lower levels were most susceptible to cell

death. In addition, SMA-model motor neurons were particularly sensitive to

hypoxia, with reduced ability to transport lactate out of the cell in hypoxic cul-

ture, and a failure in normal cell cycle progression. Interpretation: Not only is

there widespread tissue hypoxia and multi-organ cellular hypoxic response in

SMA model mice, but SMA-model motor neurons are especially susceptible to

that hypoxia. The data support the hypothesis that vascular defects leading to

hypoxia are a significant contributor to disease progression in SMA, and offer a

route for combinatorial, non-SMN related therapy.

Introduction

Spinal muscular atrophy (SMA) is a predominately early

onset childhood neurodegenerative disease caused by

homozygous mutation of the Survival Motor Neuron 1

(SMN1) gene.1 The SMN1 gene is the main producer of

the ubiquitous Survival Motor Neuron (SMN) protein,

with a wide range of functions mainly related to RNA

metabolism.2 Its complete absence is lethal at the embry-

onic stage,3 but in contrast to most mammals that have

only a single SMN gene, humans also have a Survival

Motor Neuron 2 (SMN2) paralogue. This is identical to

SMN1 save for a single base-pair splice site mutation

which predisposes to inappropriate removal of exon 7

from the mRNA, yielding a nonfunctional truncated pro-

tein. SMN2 only produces a small amount of functional,

correctly spliced, SMN protein. This is sufficient for sur-

vival to birth but not to allow for normal postnatal

health.1

It is becoming increasingly evident that this cell-ubiqui-

tous reduction of SMN results not only in a neurodegen-

erative but also a vascular disease. Necrosis at the tip of

toes and fingers has been observed in patients, as well as

thrombotic occlusions of small vessels,4 together with sig-

nificant reductions in vascular density in the mouse mod-

els of severe SMA,5 these symptoms suggest defects in
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blood supply. In fact SMA mouse spinal cord is hypoxic,5

suggesting that other tissues may also be affected.

All tissues can be damaged by hypoxia, but motor neu-

rons are particularly sensitive.6 As neurodegeneration is

the major pathological event in SMA, hypoxia may be a

significant co-morbidity. Vascular defects have been

found in other neurodegenerative diseases such as amy-

otrophic lateral sclerosis and multiple sclerosis, suggesting

that hypoxia could be a previously overlooked factor in

neuronal degeneration in motor neuron diseases.7 In

addition, SMN splicing is negatively affected by hypoxia,

further reducing the amount of functional protein,8 and

likely exaggerating disease pathology.

Historically, non-neuronal pathology has been of less

interest, as the severe motor neuron pathology negated

the need to consider additional therapies. However, now

that treatments have become available, including Nusin-

ersen (Spinraza) and Onasemnogene abeparvovec (Zol-

gensma),9 survival is increasing, but so is the likelihood

of significant non-neuronal co-morbidities. The first child

treated with Nusinersen (Spinraza) is now 7 years old,

but this is still only a short way into what is hoped will

be a normal lifespan, and it will be important to continue

to monitor these children closely. The factors downstream

of SMN reduction leading to SMA pathology remain lar-

gely unknown, but if we understand functional patholo-

gies we can target them with non-SMN related

combinatorial therapies. Tissue hypoxia could be targeted

with oxygenation therapies,10 whereas damage due to cel-

lular hypoxia can be targeted pharmacologically.11

There is therefore an urgent need to better understand

the extent to which established cardiovascular pathologies

result in functional tissue and cellular hypoxia, and what

the responses of SMN-knockdown cells to this hypoxia

are.

Here we systematically map tissue hypoxia in a severe

mouse model of SMA, and go on to determine the vul-

nerability of low SMN cells to hypoxia and the down-

stream metabolic consequences of hypoxia in SMA. We

show that hypoxia is widespread, that low-SMN cells are

particularly sensitive to it, triggering metabolic dysregula-

tion, cell-cycle arrest, and cell death.

Materials and Methods

Animals

The model used for this work was the “Taiwanese”

SMA12 mouse model. Viable, fertile parental lines [Smn-/-;

SMN2tg/tg]and Smn+/- (Jackson laboratory stock number

5058) were maintained at the Medical Research Facility at

University of Aberdeen on woodchip with sawdust, paper

bedding, environmental enrichment, and food and water

ad libitum. The lines were crossed to yield litters with

[Smn-/-;SMN2tg/0] pups that model severe SMA (hence-

forth “SMA mice”) and littermate, heterozygous control

[Smn+/-; SMN2tg/0] healthy pups. The day of birth was

designated as P0.

All animal experiments were approved by University of

Aberdeen ethics committees and carried out under appro-

priate personal and project licenses granted by United

Kingdom Home Office under the Animals (Scientific Pro-

cedures) Act 1986.

[18F]-FAZA and [18F]-FDG experiments in
mice

[18F]-Fluorodeoxyglucose ([18F]-FDG) and [18F]-Fluoroa-

zomycin arabinoside [18F]-FAZA were synthesized accord-

ing to standard protocols developed at the John Mallard

PET Centre.

[18F]-FAZA (0.1-0.5 MBq/g) or [18F]-FDG (0.2 MBq/g)

was administered by intravenous (IV) injection to P5

mice after anesthesia with isoflurane. Mice were left for

90 minutes prior to culling by cervical dislocation and

decapitation, in accordance with UK guidance and rules

for the use of animals in research. Each tissue of interest

was then collected by dissection and weighed. Radioactiv-

ity taken up by each tissue was measured using a well

counter with a Nuclear Instruments (Oakland UK) inter-

face until at least 1000 counts were accumulated.

Radioactivity uptake was analyzed as counts per minute

per gram of tissue per MBq of radiotracer injected. The

recorded data were analyzed by Student’s t- test using

Graphpad Prism�.

Pimonidiazole experiments in mice

Pimonidazole (60 µg/g body mass) was administered by

intravenous (IV) injection to P5 mice after anesthesia

with isoflurane. Mice were culled by cervical dislocation

and decapitation 24 hours after injections and tissue col-

lected, in accordance with UK the guidance and rules for

the use of animals in research.

Tissue collection

Tissue for immunostaining was immediately fixed in 4%

paraformaldehyde (PFA) w/v in phosphate-buffered saline

(PBS) after collection. Liver, heart, spleen, brain, and kid-

ney were fixed for 4 hours. Spinal cord was fixed for

24 hours. Tissue was washed three times in PBS then sub-

merged in 30% sucrose for cryoprotection and then fro-

zen in OCT.

Tissue for western blotting was immediately frozen in

dry ice and stored at �80°C.
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Immunocytochemistry

Ten micrometer cryosections were stained with FITC-con-

jugated antipimonidiazole mouse IgG1 monoclonal anti-

body (Hypoxyprobe, HP Mab1) at 1:50 concentration.

They were then stained with HRP-bound anti-FITC anti-

body (Hypoxyprobe, anti-FITC-HRP) and incubated with

DAB staining solution (Vector, SK-4100). Coverslips were

mounted with CV Mount (Leica) at the Histology Core

Facility at the University of Aberdeen before imaging.

Quantitative fluorescent western blot
analysis

Tissue was digested in RIPA buffer with 2.5% Protease

inhibitor cocktail (Sigma-Aldrich, P8340). Western blot

analysis was performed as described13 Protein levels were

assessed with Licor Biosciences REVERT Total Protein

Stain Kit (Licor Biosciences, 926-11010). HIF-1 was

labeled with 1:500 Anti-HIF-1a antibody (Abcam,

ab2185), HIF-2 with Anti-HIF-2a antibody (Abcam,

ab109616). Imaging was done with Odyssey� CLx LI-

COR imaging system. The density of each protein band

was measured using Image Studio Lite and the resulting

data were compared with Student’s t-test considering

P < 0.05 as significant.

Cell culture

NSC-34 neurons were cultured under sterile conditions in

DMEM media containing 1% L-glutamine, 1% Penicillin/

Streptomycin, and 10% FBS in T75 flasks at 37°C in a

humidified atmosphere containing 5% CO2.

Transfection

NSC-34 neurons were transfected with s74016 Silencer

select siRNA (Thermo Fisher) at a 100 nM concentration

with jetPRIME� (Source Bioscience) following the manu-

facturer’s instructions. After transfection cells were rou-

tinely incubated for 72 hours before starting any further

experiments to maximize SMN protein downregulation.

Simulation of hypoxic insult

Cells were incubated in a hypoxic in vitro cabinet (Coy-

labs) regulated by an oxygen controller (Coylabs) as out-

lined previously,13 with oxygen levels set at 1% O2.

Flow cytometry for SMN levels

Cells were collected by trypsinization and combined with

medium containing any floating (dead) cells. For SMN

and cell death experiments, cells were incubated on ice

for 30 minutes with Fixable Viability Stain 450 (BD Hori-

zon, 562247) at 1 µL/mL concentration after collection,

then fixed in 4% PFA in PBS for 15 minutes at 4°C and

then permeabilized with 90% methanol for 30 minutes at

4°C. Samples were incubated for 1h at 4°C with Anti-

SMN Antibody, clone 2B1 (05-1532, Merck). Samples

were then incubated for 30 minutes on ice with the sec-

ondary antibody Goat anti-Mouse IgG1 Secondary Anti-

body, Alexa Fluor 488 (A21121, Thermofisher). In each

experiment data were taken from two independent experi-

ments, so the fluorescent signal was normalized to the

mean of the normoxic control samples, to avoid laser

emission variances across experiments, which affect fluo-

rescence signal intensity. Cell cycle analysis was performed

as described.14 All work was carried out in the Iain Fraser

Cytometry Centre at the University of Aberdeen, using

the BD LSR II flow cytometer. Data were collected with

DIVA software. Data were analyzed with FlowJo software

(FlowJo, LLC).

L-lactate assay

Cells were grown in 6-well plates. Hypoxic samples were

grown in hypoxia for 24 hours before collecting cell med-

ium (2ml), for extracellular lactate, and cell lysates

(200ml), for intracellular lactate. L-lactate was detected

with L-Lactate assay kit (Abcam, ab65330).

Results

Hypoxia is widespread in neuronal and non-
neuronal tissues in pre/early-symptomatic
SMA mice

SMA mouse spinal cord has been shown to be hypovascu-

lar and hypoxic.5 However, several other tissues and

organs of severe SMA mice also have lower capillary den-

sity and capillary developmental defects compared with

their healthy counterparts,5,15,16 but it is not known if they

are also hypoxic. We therefore carried out a systematic

assessment of hypoxia in early symptomatic postnatal day

5 (P5), “Taiwanese” model SMA mice, using Smn+/-

heterozygotes as controls. Mice were injected with

pimonidazole, a hypoxia marker, detected postmortem by

immunostaining with an HRP-bound antibody. We first

confirmed hypoxia in SMA spinal cords by the presence of

the dark, DAB, reaction product (data not shown). We

found evidence of extensive hypoxia in other tissues; SMA

brain showed the most pronounced evidence of hypoxia,

with significant staining in the cortex (Figure 1A,B). Limb

muscle showed small and scarce hypoxic areas (Figure 1C,

D). In addition, kidney and spleen both showed large,
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diffuse areas of hypoxia staining (Figure 1G,H,K,L),

whereas the liver showed small, isolated hypoxic areas

(Figure 1I,J). In addition, by contrast, SMA heart showed

no evidence of hypoxia (Figure 1E,F).

To confirm and extend these results, we next quanti-

fied hypoxia in the P5 SMA mice, by injecting a radio-

tracer 18F-Fluoroazomycin arabinoside ([18F]-FAZA) that

is specifically retained in hypoxic cells.17 Postmortem

measurement of radiotracer in isolated organs and tis-

sues, indicative of hypoxia showed significantly higher

levels in SMA tissues compared to controls: ~22% in

brain, ~30% in spinal cord, ~31% in eye, ~46% in hin-

dlimb muscle, ~19% in forelimb muscle, ~48% in tail,

~19% in kidney, ~51% in spleen, ~51% in liver,

and ~28% in heart. Importantly, tissues such as skin and

lungs which can take up atmospheric oxygen, showed no

significant differences (Figure 2A). Taken together these

observations show for the first time that the cardiovascu-

lar defects in heart, blood vessels, and circulating cells16

in SMA, are correlated with widespread and significant

functional tissue hypoxia in neuronal and non-neuronal

tissues. Importantly, this precedes any overt symptoms,

and likely contributes to or exacerbates motor neuron

loss.

Glucose uptake is dysregulated in SMA mice

Pimonidazole and [18F]-FAZA demonstrated widespread,

quantifiable hypoxia in SMA, we therefore next investigated

what functional consequences were associated with this tis-

sue hypoxia. One of the most common metabolic changes

in hypoxic tissue is the upregulation of glucose uptake. To

look for changes in glucose uptake, P5 SMA mice were

injected with [18F]-Fluorodeoxyglucose ([18F]-FDG), a

radioactive glucose analogue that is taken up and retained

in cells. Mice were killed 90 minutes after exposure to

[18F]-FDG, tissues and organs were harvested and [18F]-

FDG signal analyzed. Any changes in glucose metabolism

will result in changes in [18F]-FDG uptake and retention in

cells. Central nervous system structures in SMA mice

showed increased glucose uptake: ~58% in spinal cord,

~94% in brain, and ~67% in eye. The only non-neuronal

tissues that showed a significant changed in [18F]-FDG

uptake were kidneys with a ~101% increase and heart

which showed a ~67% decrease in glucose uptake in SMA

mice compared to controls. Spleen, liver, hindlimb, fore-

limb, and tail showed no significant differences between

SMA and control littermates (Figure 3A). These data sug-

gest that glucose uptake is dysregulated in multiple SMA

organs and tissues, indicative of downstream metabolic

changes in response to tissue hypoxia. Not all tissues

labeled with [18F]-FAZA were labeled with [18F]-FDG,

which confirms that any study on hypoxia in SMA needs to

be done with specific radiotracers for hypoxia.

SMA neurons accumulate lactate in
response to hypoxia

Normally functioning cells will generate intracellular lac-

tate when exposed to hypoxia, which is then rapidly

transported out of the cell, resulting in an increase in

extracellular lactate. We therefore next assayed extra and

intracellular lactate in NSC-34 control and SiRNA knock-

down (SMA model) neurons. In normoxia, as expected

levels of extracellular lactate were similar in control

(scrambled siRNA) and SMN knockdown neurons (Fig-

ure 4A). Furthermore, a normal, significant increase

(P < 0.05) in extracellular lactate (nmol/µL,
mean � SEM) was seen when control neurons were

exposed to hypoxia (normoxia: 1.55 � 0.05, hypoxia:

2.54 � 0.27) but importantly, there was no significant

rise in extracellular lactate when SMA neurons were

exposed to hypoxia. This suggested that either lactate was

not being produced in SMA neurons, or it was not being

transported out of the cells. We therefore next assayed

intracellular lactate. Intracellular lactate levels (pmol/µl,
mean � SEM) were unchanged between control neurons

in normoxia and hypoxia, showing efficient transport out

of the cells, but ~30-60% higher in SMA neurons in

hypoxia (129.2 � 11.87) compared with either control

neurons in hypoxia (46.11 � 4.81:P < 0.01) or SMA neu-

rons in normoxia (47.99 � 1.07:P < 0.01). This suggests

an inability of SMA neurons to efficiently transport lac-

tate out of the cell, and a dysregulated response to

hypoxia in SMA.

These data suggest that in response to hypoxia, SMA

neurons show a very specific dysregulation of intracellular

lactate levels, suggesting an inability to correctly handle

Figure 1. Pimonidazole labeling shows widespread hypoxia in SMA. To test for hypoxia in SMA tissue, presymptomatic 5-day-old “Taiwanese”

model SMA mice were injected with Pimonidazole, a hypoxia marker (n = 3 mice). Pimonidazole labeling was visualized postmortem with an HRP-

bound antibody for DAB staining. The staining shows widespread large hypoxic areas in brain (A,B), spleen(G,H), and kidney (K,L). Brain hypoxic

areas are discrete and very defined, whereas kidneyand spleenshow larger more diffuse areas, sometimes interconnecting. Liver (I,J) show also

smaller scarcer hypoxic areas, similarly to forelimb (C,D). The hypoxic areas seem to be more isolated in liver than in forelimb, where they appear

to be close together. Hindlimb show wide hypoxic areas that tend to be diffuse at the margins. Control and SMA heart (E,F) do not show any

noticeable differences. Scale bar = 100 µm.
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downstream metabolic changes occurring in response

hypoxia.

SMN protein levels in single neurons
determines survival in hypoxia

Our data suggest that not only are SMA tissues hypoxic

in vivo, but they are also particularly metabolically sensi-

tive to hypoxia. Disease severity in SMA is known to cor-

relate with total SMN protein levels,3 and these levels are

known to vary from organ to organ,18 but very little is

known about how SMN levels in individual cells determi-

nes key cellular outcomes, or indeed to what extent levels

vary. We therefore next set out to determine the relation-

ship between neuronal SMN levels and vulnerability. We

developed a flow cytometry protocol to measure and then

plot the distribution of protein levels in single neurons.

We initially quantified the levels of SMN protein in con-

trol and SiRNA knockdown (SMA model) NSC-34 neu-

rons. It was immediately apparent that both control and

SMA neurons showed significant intrapopulation variabil-

ity in SMN levels (Figure 5A). SMN protein levels were

negatively skewed and varied over threefold from lowest

to highest levels of expression in both SMA and control

neurons. Single neuron SMN protein levels overlapped

considerably, but peak, modal levels were lower in SMA

neurons.

These data suggest that neurons with very low SMN

levels are present in normal, control, presumed healthy

populations of neurons, and conversely that neurons with
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SMA = 2.08 9 104 � 1.7 9 103:P < 0.01**), and by ~28% in heart (control = 1.25 9 104 � 103, SMA = 1.60 9 104 � 894:P < 0.05 *).
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“normal” levels of SMN protein are present in SMN

“knockdown” populations of neurons. This overlap has

been previously seen in patient cells19 and may have

implications for our understanding of neuronal vulnera-

bility in SMA.

We next correlated the responses to hypoxia with

SMN levels in single neurons. To do this we first vali-

dated a methodology to reliably identify dead NSC-34

neurons in culture. A flow cytometry-specific, fixable,

viability stain was used followed by a cell killing proto-

col by ethanol exposure. Dead neurons were identified

by the fluorescence signal originating from retained via-

bility stain, and a live/ dead filter, which identified

97.2% of ethanol killed cells in a positive control exper-

iment (data not shown). We then applied this protocol

to NSC-34 neurons maintained in normoxic or hypoxic

conditions, which were then fixed, labeled for SMN

protein and analyzed by with two channel flow cytome-

try for SMN and the viability stain. This showed that

the percentage of dead neurons increased significantly

after 28h of hypoxia in SMN-KD (P < 0.001), but not

in controls. It was also significantly higher (P < 0.01) in

hypoxic SMN-KD compared to hypoxic controls (Fig-

ure 5B). On closer observation, dead neurons seemed to

have low levels of SMN protein in all cultures (Fig-

ure 5C). Comparison of the SMN levels (mode, as

skewed distributions), showed that SMN levels were sig-

nificantly lower in dead cells compared to live cells in

all samples (P < 0.001 in controls and P < 0.01 in

SMN-KD). These data show a clear correlation between

SMN levels in individual neurons and their vulnerability

to hypoxia. Interestingly, low levels of SMN in control

neurons also renders them vulnerable to hypoxia, and

potentially other insults.
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Cell cycle is dysregulated in SMA neurons in
response to hypoxia

Altered cell cycle has previously been reported in SMA,15

and is a precursor to cell death. Therefore, in order to

better understand cell death in SMA neurons in hypoxia,

cell cycle was analyzed in control and SMN knockdown

NSC-34 neurons in normoxia or hypoxia for 24 hours.

Cell cycle was quantified by measuring DNA levels in

individual neurons, using flow cytometry. The distribu-

tion of fluorescence signal and therefore of DNA content

of neurons had four distinct peaks. In most proliferating

mammalian cell lines the largest fluorescence peak repre-

sents neurons with a single compliment of DNA in G1/

G0 phase and the next highest peak represents neurons

with a double compliment of DNA in G2/M phase. The

fluorescence peak lying between these peaks represents

neurons in S phase, whereas the smallest peak with less

than the single DNA compliment represented dead or

dying neurons (Figure 6A). Using this categorization,

control and knockdown neurons showed no differences in

cell cycle dynamics in normoxia (Figure 6A,B). After 24h

of hypoxia, differences in cell dynamics became apparent

(Figure 6A). The population of neurons in G1/G0 phase

decreased significantly in controls (P < 0.01) and SMN-

KD (P < 0.001), whereas the G2/M phase populations

increased significantly in controls (P < 0.01) and SMN-

KD (P < 0.001), although the degree of change was more

pronounced in the knockdown cells. Sub-G1, dead, and

dying cells increased significantly in controls (P < 0.01)

and SMN-KD (P < 0.05) neurons. Numbers of neurons

in S phase were consistent in all conditions. Numbers of

sub-G1, dead and dying, and G2/M neurons were signifi-

cantly increased, whereas G1/G0 were significantly

decreased in hypoxia compared to normoxia in both con-

trol and SMN-KD neurons (Figure 6B). These represent

typical responses to cell stress. However, the significant

decrease in the numbers of G1/G0 and increase in the

numbers of G2/M in SMN-KD neurons compared to

control neurons in hypoxia suggests that mitosis is not

proceeding normally in these SMA model neurons, con-

sistent with activation of a G2/M cell cycle checkpoint.

Taken together these data demonstrate that hypoxia is

a widespread stress factor in SMA, which significantly

affects widespread tissues and organs, and particularly the

central nervous system. This hypoxia targets cells and

neurons with the lowest levels of SMN protein in both

normal and SMA populations and has important down-

stream effects on metabolism and cell dynamics. We con-

clude that therapeutic investigation of methods to

increase tissue oxygenation may be beneficial in SMA

patients. In addition, low levels of SMN protein may be a

risk factor in other neurological diseases including ALS.
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Figure 4. Intracellular L-lactate is increased after hypoxia in SMN

knockdown NSC-34 neurons. A L-lactate assay detection assay kit was

used to measure L-lactate production in control and SMN knockdown

populations. Control and SMN knockdown populations of NSC-34

motor neurons were grown for 24 h in a hypoxic environment or in

normoxic conditions. L-lactate was measured in cell culture medium and

cell lysates. (A) As expected, samples of control medium had a

significantly higher concentration of (extracellular) lactate in hypoxia

(2.54 � 0.27 nmol/µl) than in normoxia (1.55 � 0.05 nmol/µl: P < 0.05*).

SMN knockdown neurons did not show this increase. (B) Cellular lysates

from control cultures showed no change in intracellular lactate in

normoxic compared to hypoxic conditions. In contrast cultures of SMN

knockdown neurons in hypoxia contained 129.2 � 11.87 pmol/µl of

intracellular lactate compared to 47.99� 1.07 pmol/µl in normoxic SMN

knockdowns (P < 0.01**), and 46.11 � 4.80 pmol/µl: P < 0.01**) in

hypoxic controls. For all conditions n = 3 cultures.
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Figure 5. Low-SMN motor neurons are more sensitive to hypoxic insult. Flow cytometry was used to measure SMN levels in individual neurons in

control and SMN knockdown populations. Results show great overlap between populations (A) It also shows that populations are skewed, so

mode is a better representative of SMN levels than mean. Control and SMN knockdown populations of NSC-34 motor neurons were grown for

28 h in a hypoxic environment or in normoxic conditions. Flow cytometry was used to measure SMN levels and discriminate between dead and

live populations. The percentage of dead neurons increased significantly after 28h of hypoxia in SMN-KD (P < 0.001***), but not in controls. It

was also significantly higher (P < 0.01**) in SMN-KD compared to controls (B). Most dead neurons, (marked with a red circle) seem to be

concentrated on the low SMN side of the spectrum in both control and knockdown samples (C). Modal SMN levels in dead and live populations

were compared after being normalized to the SMN levels in the control population in normoxia, (D) and shown to be significantly different within

the same sample (P < 0.001*** in controls, P < 0.01** in knockdowns) after hypoxia. The SMN levels of dead cell populations in knockdown and

control do not show significant difference between them. If mean SMN levels of the normoxic control neurons (dead and live) are considered as

100%, all dead cell levels were between 20-25% in normoxia and 25-35% in normoxia. In the live cell populations, control SMN levels were

close to 150%, whereas SMN knockdown levels were 73% in normoxia and 46% in hypoxia.
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Discussion

The most significant, life limiting pathology in SMA is that

of the neuromuscular system, and it is clear that motor neu-

rons are selectively vulnerable to the low levels of SMN pro-

tein which characterize the disease. However, it is now also

clear that a number of non-neuronal tissues also show dis-

ease-related pathology, and that the cardiovascular system is

particularly involved, with heart, vessels, and circulating

cells all described as pathological in severe mouse models

and now also increasingly in patients. We were keen to

understand the extent to which vascular dysfunction could

contribute to and potentially exacerbate motor neuron

death, having previously shown decreased vasculature asso-

ciated with tissue hypoxia in spinal cord.

Hypoxia is widespread in neuronal and non-
neuronal tissues in pre/early-symptomatic
SMA mice

Here we show using qualitative (pimonidazole uptake) (Fig-

ure 1) and quantitative ([18F]-FAZA uptake and measure-

ment) (Figure 2) techniques that a wide range of tissues

from brain and eye, through skeletal muscle to visceral

organs are significantly hypoxic at pre/ early symptomatic

time points. Importantly skin and lung, which can absorb

atmospheric oxygen, showed no evidence of hypoxia. This

immediately suggests a need to assess SMA patients, and

particularly those undergoing therapy, for ongoing, perhaps

low-level chronic hypoxia, and also potential utilization of

oxygenation as an easy to deliver, ameliorative, therapy.20

There is evidence of pathologies which may be associ-

ated with chronic hypoxia in SMA: thalamic lesions in

type I SMA patients21; cerebral atrophy, EEG abnormali-

ties, or widespread neuronal degeneration in type 0

SMA.22 Of particular interest are SMA patient MRIs

resemble those taken from patients with perinatal hypox-

ic-ischemic brain injury.22

Chronic hypoxia induces or exacerbates neurodegenera-

tion in the central nervous system (CNS), where it is

associated with neuroinflammation and/or mitochondrial

malfunction.23 Chronic CNS hypoxia increases

inflammation,24 and the prolonged neuroinflammation in

SMA,25 has negative effects on cell survival.26 Hypoxic

neurons lose synapses, show deficits in long-term synaptic

plasticity,27 and can develop mitochondrial pathology,

exacerbating existing pathologies in SMA.28

SMA muscle shows significantly delayed myotube

development and myoblast defects,29 both of which also

occur in hypoxia. Recent work showed a decrease in mus-

cle oxygenation during exercise in patients with mild

SMA,30 indicative of an inefficient cardiovascular system

which fails to compensate during exercise. Chronic

hypoxia can cause muscle fibers to lose myofibrillar pro-

teins and mitochondria, likely to both reduce size, and as

a consequence the distance between capillaries, and to

reduce the amount of reactive oxygen species (ROS) pro-

duced by the mitochondria.31

Little is known of the effects of chronic hypoxia in vis-

ceral organs, but heart defects are common in SMA

patients, and mouse models show developmental alter-

ations.16,32 Congenital heart defects result in myocardial

hypoxia at early developmental stages, and the surgical

risk factor in operated children appears to be correlated

directly to the level of hypoxia in the heart, as it has a

detrimental effect on myocardial metabolism and func-

tion.33 Chronic hypoxia also results in defective ventricu-

lar function and anomalies in the enzymes involved in

glycogen storage, aerobic, and anaerobic glycolysis.33 Cur-

rent SMA treatments do not target the heart, which

become more vulnerable to hypoxia over time.9 Chronic

hypoxia occurs in chronic renal disease and is associated

with increased apoptosis in the renal tubules34 and

increased renal fibrosis, which in turn damages glomeruli

and the accompanying peritubular capillaries and could

exacerbate vascular pathology and hypoxia.

Glucose and lactate metabolism are
dysregulated in SMA mice

A key question was what the effect of chronic hypoxia

might be on cells and tissues with low levels of SMN pro-

tein. Brain, spinal cord, eye, and kidney all showed an

increase in [18F]-FDG uptake, whereas heart showed a

Figure 6. Cell cycle is altered in SMN-knockdown NSC-34 neurons after hypoxia. Flow cytometry was used to analyze cell cycle progression in

control and SMN knockdown populations. Control and SMN knockdown populations of NSC-34 motor neurons were grown for 24 h in a hypoxic

environment or in normoxic conditions. Flow cytometry was used to measure DNA levels and discriminate between sub-G1 (dead), G1/G0, S, and

G2/M phase cell populations. Neurons in the lower fluorescence peak, with a single compliment of DNA, were counted as G1/G0, whereas

neurons in the higher peak, with double the DNA content and therefore fluorescence signal, were counted as G2/M phase neurons. Neurons

with a lower than the single DNA compliment of those in G1/G0 phase were counted as dead or dying, whereas neurons whose fluorescence

signal was in between first and second peaks were counted as S phase (A). Control and knockdown population show the same pattern on

normoxia. In both control and SMN knockdown, G1/G0 neurons in normoxia are 55% of the single cell population, and 32% are G2/M. In

hypoxia, G1/G0 neurons are 49% of the population in controls and 39% in SMN knockdown neurons. G2/M cells are and 37% of the

population in controls and 46% in SMN knockdown neurons (B). For all conditions n = 3 cultures, 10.000 single cells were recorded per sample.
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decrease in SMA mice (Figure 3). This dysregulation of

key metabolism likely has considerable downstream meta-

bolic consequences. The decrease in heart was most sur-

prising, but as heart rate is lower in SMA mice, this

could account for the decreased glucose uptake, as lower

activity means lower energy requirements.35 The hypoxia

response is correlated with metabolic changes, which

helps to explain the response in the other tissues.36

Another feature of the metabolic changes in SMA is an

increase in lactate accumulation. Both intracellular and

extracellular lactate showed a predicted shift to lactate

synthesis in hypoxic NSC-34 neurons, but in hypoxia

SMN-KD NSC-34 neurons do not properly transport the

lactate out if the cell, resulting in toxic lactate accumulat-

ing in the intracellular compartment (Figure 4).

Blocking of the main lactate transporter, MCT4,

results in lactate accumulation and acidification of the

cytoplasm, increasing the apoptosis ratio.37 While it is

not clear if this defect is causing the lactate accumula-

tion in SMA neurons, the effects may be similar. In each

case, these are fundamental metabolic defects manifesting

in SMN knockdown cells when exposed to the cell stress

of hypoxia. Several other groups have shown similar

stress-induced defects in SMA cells, including Schwann

cells.38

SMN protein levels in single neurons
determines survival in hypoxia

We show that neurons with low levels of SMN are more

sensitive to hypoxia and will be the ones which undergo

cell death first in any population (Figure 5). Given that

the cellular response to hypoxia can be quite complex,

resulting in either a protective effect or the induction of

apoptosis,39 it is possible that the reduction in SMN levels

alters this balance in favor of apoptosis. Caspase 3, which

is upregulated in SMN knockdown cells, activates the P53

apoptosis pathway, which is the same apoptosis pathway

activated by hypoxia and HIF-1.40 Other p53 downstream

genes, like Bax, are also increased in SMA mouse spinal

cord and knocking it out results in improved lifespan.41

These data show a clear link between disease hallmark

low SMN levels and increased liability to undergo cell

death.

Cell cycle is dysregulated in SMA neurons in
response to hypoxia

Alterations in cell cycle can be a sign of cell damage,42

and cell cycle defects have previously been reported in

SMA.15 Cells were analyzed earlier (24 rather than

28 hours) to look for changes prior to significant apopto-

sis. Hypoxia leads to a decrease in cells in G1/G0 and an

increase in cells in G2/M phases. These changes were

exacerbated in the SMN knockdown cultures, but as S

phase was unchanged, it is likely that the cell cycle is

being arrested before or during mitosis (Figure 6) Cell

cycle arrest at mitosis can be damaging to the cells, to the

point that some cancer drugs are designed with this

intent.43

While hypoxia and HIF-1 response can result in cell cycle

arrest, this occurs at G1/G0 phase, not at G2/M,44 suggest-

ing that this may be correlated to cellular stress, and not

the hypoxia response. Hypoxia can block or delay mitosis,45

and cause DNA damage,46 which can delay mitosis for sev-

eral hours. Additionally, hypoxia induced ROS species and

ATP depletion, affect the mitotic spindle.47

SMN reduction has also been connected to alterations

in cell cycle pathways.48 Cyclin G1 is overexpressed and

contributes to cell cycle arrest at G2/M in case of DNA

damage48,49 and Gtse1 overexpression, also induced by

DNA damage, delays G2/M transition.48,50 It seems likely

that the DNA damage that occurs during hypoxia is most

likely triggering the increase in cells in G2/M phase.

Future perspectives

The only widely approved treatment in broad usage

against SMA; nusinersen/ Spinraza, is not a systemic

treatment, which means the vascular system, and the

associated hypoxia, are not being treated in most of the

organism. These results suggest that hypoxia is a wide-

spread pathology that is particularly damaging to SMN

knockdown cells. The resultant metabolic changes which

include altered essential glucose and lactate handling,

stalled cell cycle, and resultant cell death deserve serious

consideration. The likely exacerbating effects on existing

pathologies, emphasizes the need to monitor and treat

SMA as a systemic disease.
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